Chinese words may begin with/t/and/d/, but a/t/-/d/contrast does not exist in word-final position. The question addressed by experiment 1 was whether Chinese speakers of English could identify the final stop in words like beat and bead. The Chinese subjects examined approached the near-perfect identification rates of native English adults and children for words that were unedited, but performed poorly for words from which final release bursts had been removed. Removing closure voicing had a small effect on the Chinese but not the English listeners' sensitivity. A regression analysis indicated that the Chinese subjects' native language (Mandarin, Taiwanese, Shanghainese) and their scores on an English comprehension test accounted for a significant amount of variance in sensitivity to the (burstless)/t/-/d/ contrast. In experiment 2, a small amount of feedback training administered to Chinese subjects led to a small, nonsignificant increase in sensitivity to the English/t/-/d/contrast. In experiment 3, more training trials were presented for a smaller number of words. A slightly larger and significant effect of training was obtained. The Chinese subjects who were native speakers of a language that permits obstruents in word-final position seemed to benefit more from the training than those'whose native language (L1) has no word-final obstruents. This was interpreted to mean that syllable-processing strategies established during L 1 acquisition may influence later L2 learning.
INTRODUCTION
Much second language (L2) acquisition research has been motivated by the desire to learn whether a biologically (rather than cognitively) based "critical period" exists for human speech learning. Lenneberg ( 1967, p. 176) claimed that "foreign accents cannot be overcome easily after puberty." Rating-scale experiments have amply comfirmed the presence of foreign accents in the speech of L2 learners, even those who began learning L2 long before the onset of puberty (Asher and Garcia, 1969; Fathman, 1975 , may derive in part from insufficient motor learning. This, in turn, may be impeded by an inability to perceive L2 phones or phonetic contrasts in a nativelike manner. Difficulty distinguishing phonemes in an L2 may also impede lexical development (see Leonard et al., 1982) . The purpose of the present study was to provide further insight into how phones in an L2 are perceived by examining the perception of the voicing feature in word-final English obstruents.
Prelinguistie infants are able to discriminate many, if not all, of the.phones used contrastively in human languages (see, e.g., Jusezyk, 1979; Kuhl, 1987) , but this ability may be attenuated near the end of the first year of life for certain phonetic contrasts. Werker and her colleagues found that young children lost the ability to discriminate phones not used contrastively in the language spoken around them, even though they were able to do so earlier as infants (Werker et Mack and Tierney, 1987) . Such comprehension difficulty may derive, at least in part, from difficulty perceiving produced without closure voicing through some part or all of the closure interval; see, e.g., Smith, 1979) . Perhaps because of the unreliability of these cues, native speakers of English can identify stops without closure voicing and/or final release bursts nearly as well as stops with all acoustic cues available (see below}.
Two alternative possibilities existed concerning how the Chinese subjects would perform in the identification task. Even though the acoustic cues to the/t/-/d/contrast differ in the initial versus final position of English words (Strange, 1986) , the Chinese subjects might attempt to identify the final/t/'s and/d/'s using the perceptual cues that distinguish/t/from/d/in the initial position of Chinese words. 2 Such a strategy would probably work well for the unedited words in which the final release bursts were intact, because they contained some of the information that cues the voicedvoiceless contrast in word-initial position. Such a strategy could be expected to work less well for stops from which release bursts had been removed, however. Alternatively, the Chinese subjects might regard word-final tokens of/t/ and/d/as representing a "novel" phonetic contrast, and begin seeking cues other than those used for word-initial stops, such as preceding vowel duration. If so, the Chinese subjects might perform more poorly than the native English subjects for the tokens with release bursts, but the effect of removing release burst (and closure voicing) cues should be no greater for them than for native English subjects.
The results of experiment 1 supported the first alternative, so two feedback training experiments were carried out to better enable the Chinese subjects to perceive those cues to the/t/-/d/contrast that remained after the closure voicing and release burst cues had been removed. The first training experiment involved subjects who had participated in experiment 1. A greater amount of feedback training was presented in the second training experiment to a new group of Chinese subjects. A "neural atrophy" hypothesis (see Werker and Tees, 1984b) implies that it would be difficult to increase Chinese subjects' sensitivity to the/t/-/d/contrast through short-term laboratory training. The notion that auditory sensitivity is never really lost, but is simply "difficult to apply" to novel phonetic contrasts as the result of a "language based reorganization" of contrastlye sound units (Werker, 1989 ) suggests a different outcome, however. Training might be effective if it succeeds in enabling subjects to pay attention to relevant acoustic cues ( Strange, 1986) Wolf (1978) found that /t/'s and/d/'s were identified correctly nearly as often in the final position of words from which release burst and closure voicing cues had been removed as in unedited words (89% vs 100% correct).4 The aim of experiment I was to de-termine how well native and Chinese subjects could identify /t/'s and/d/'s in the final position of English words that were unedited and in copies from which closure voicing and/ or release burst cues had been removed.
A secondary aim was to examine the effect of removing acoustic cues for native English-speaking children. Speech production research has shown that Chinese adults are less skillful in producing a contrast between word-final/p/and /b/than native English children who, in turn, are less skillful in doing so than native English adults Flege, 1988c) . Parnell and Amerman (1978) found that 4 year olds identified the place of articulation of consonants in CV syllables less often than 11 year olds or adults when the steady-state portion of the vowel was removed (76% vs 98% for the two older groups). It appears that both children (Cole and Perfetti, 1980) and nonnative adults may require longer stretches of speech than mature native speakers to recognize words (Truin, 1981 , reported by Kester, 1987 
Subjects
Three groups of listeners participated as paid subjects, all of whom were able to detect four pure tones in the 500-4000-kHz range at 20 dB HL. The native English adult subjects (N= 8) and the nine English children (N= 9) were monolingual speakers of English from Birmingham, Alabama, who were recruited through an advertisement in the University newspaper. The adults were in their late twenties and early thirties; the mean age of the children was 9.2 years.
Most of the Chinese subjects (19 males, 11 females) were graduate students or faculty members at the University of Alabama at Birmingham who spoke English with foreign accents (see Flege, 1988b ). As summarized in Table I , the Chinese subjects had a mean age of about 30 years and had lived in the U.S. for a little more than 2 years on average. The Chinese subjects reported that they spoke English about half the time, but some of them seemed to have difficulty comprehending English. This suggested that their estimated daily use of English might have been too high (see Gras, 1983 ). To test this, each subject was administered the listening comprehension subtest of the Michigan English Language Assessment Battery (English Language Institute, University of Michigan, 1986). The Chinese subjects received a 29th percentile score, which confirmed the inference conderning relatively limited native-speaker inputfi For the purpose of regression analysis (see below), the Chinese subjects were subdivided into three subgroups based on native language. Of the 30 subjects, some (N = 16) were native speakers of Mandarin from mainland China, others (N = 5) were native speakers of Taiwanese, and the remaining subjects were individuals from southern China who spoke either Shanghainese (N= 8) or Hakka (N= 1). None of the ANOVAs testing for differences between the subgroups in chronological age, age of arrival in the U.S., length of residence in the U.S., percentage daily use of English, or comprehension ability reached significance at the 0.10 level.
Stimuli
An adult native speaker of American English (the author) read real words formed by inserting seven vowels (/i,•,e t ,e,a•,a,u/) into/b-t/and/b-d/frames in the carrier phrase "Now I will say --." The first four tokens of each Beijing  M  36  19  74  80  Beijing  M  35  8  56  20  Beijing  M  32  12  85  50  Beijing  F  ! 7  84  91  ---Xian  M  30  7  72  50   Xian  F  28  28  76  60   Tientsin  M  29  5  72  60   Lanzou  M  26  23  70  20   Harbin  F  27  16  87  80   Changchun  M  35  4  83  80  Shenyang  M  32  8  56  35  Chengdu  M  27  I  83  60  Nanchang  M  26  I  76  20  Taipei, ROC  F  25  132  91  85  Taoyuan, ROC  M  28  5  78 Copies of the "unedited" words were modified as follows. A set of "voicing-removed" words was made by attenuating to zero any energy present in the closure interval of the final stops. Stop closure duration information was preserved in these stimuli. 6 "Burst-removed" words were made by removing all energy in the release bursts. Both closure voicing and release bursts were removed from the "V q-Bremoved" words by zeroing any energy present after the constriction of the final stops.
Procedures
The words were presented binaurally via TDH-49 headphones at a comfortable level (74-dB peak syllable intensity). The subjects were told to push a button marked "t" or "d," and to guess if uncertain. Each new word was presented 1.0 s after a response was received for the preceding word. 
L Effects of editing
The mean percentage of correct identifications of the final stop in the 14 test words was calculated for each listener. 7 As shown in Table III 
TABLE IlL Mean percent correct identifications of word-final stops by native English adults (EA), native English children (EC), and Chinese adults (CA) in English words that were unedited (UNED), had closure voicing removed (RVOI), had final release bursts removed (RBUR), or had both voicing and bursts removed (RV + B )
. The means for group EA are based on eight subjects X seven minimal pairs = 56 scores. Means for group EC are based on data for 9 subjects, those for CA on 30 subjects. Standard deviations are in parentheses. Table I . These same mothers exaggerated vowel duration cues, so it is hardly surprising that other research (e.g., Krause, 1982a,b) has shown that vowel duration may provide a sufficient perceptual cue to the distinction between voiced and voiceless stops for young children. Thus any adult-child difference that did exist may have been obscured by a ceiling effect brought about by the use of vowel duration cues. The children may also have used F• offset frequency as a perceptual cue (see Simon and Fourcin, 1978 , for wordinitial stops). One might infer that the Chinese subjects were unable to make the same use of vowel duration as the native English children because they performed more poorly than the children when release burst cues were removed. This inference is consistent with the observation that Chinese speakers of English produce only a relatively small (albeit significant) vowel duration difference between English words ending in /p/ and /b/ (Flege, 1988c) .
The removal of closure voicing had little effect on the native English subjects, whereas it significantly lessened the Chinese subjects' sensitivity to the English/t/-/d/contrast (it lowered the correct identification scores from 95% in the unedited condition to 93% in the voicing-removed condition). This does not mean necessarily that the Chinese subjects were more sensitive to closure voicing than the English adults. The lack of a decrease in sensitivity for the English adults was probably the result of a ceiling effect resulting An alternative explanation is that the effect of altering cues might simply be greater for listeners whose speech perception skills are not mature than for mature native speakers. Previous research has shown that nonnative speakers recognize words more poorly than native speakers, especially in non-ideal listening conditions (Johansson, 1978; van Balen, 1980; Oyama, 1982b; Florentine, 1985; Koster, 1987; Mack and Tierney, 1987) . Like children, nonnatives may require longer stretches of speech than mature native speakers to recognize words (Truin, 1981 , reported by Koster, 1987 ). This explanation is probably not correct, however, because removing the closure voicing and release burst cues did not significantly lower the native English children's sensitivity to the/t/-/d/contrast.
Factors predicting sensitivity
The multiple regression analyses indicated that L1 background and L2 comprehension ability were significant predictors of sensitivity to the English/t/-/d/contrast. The native speakers of Shanghainese were somewhat more sensitive to the/t/-/d/contrast than the native Mandarin subjects; and the better the Chinese comprehended English, the more sensitive they were to the/t/-/d/contrast. The basis for the L 1 effect is uncertain. The Shanghainese subjects may have been relatively good at identifying word-final English stops because their L I permits an obstruent (a glottal stop) in word-final position. One might speculate that this caused them to focus attention on phonetic information found at the end of syllables to a greater extent than the Mandarin subjects, whose L 1 permits no final obstruents. However, there is indirect evidence that Mandarin speakers of English may pay greater attention to release bursts in word-final English stops than Shanghainese subjects. In examining the English speech production of Chinese subjects, Heyer (1986) found that Mandarin subjects "hyperaspirated" English/p,t,k/more frequently than native speakers of southern Chinese dialects (46% vs 13% of errors observed). •2
The relationship between the comprehension test scores and sensitivity to the/t/-/d/contrast suggests, not surprisingly, that the ability to identify phonetic segments is important to comprehension. Variations in the comprehension scores may have been related to other factors such as amount of English-language input, but neither of the questionnaire variables relating directly to amount of English-language experience (length of residence in the U.S., percent daily use of English) was a significant predictor of perceptual sensitivity to English stops.
It must be recognized, of course, that comprehending an L2 depends on more than just bottom-up segmental process- found that relatively inexperienced Japanese subjects per-formed at near-chance levels in identifying and discriminating synthetic/r/'s and/l/'s, whereas more experienced Japanese subjects (28 months residence in the U.S., 55% daily use of English) identified and discriminated/r/'s and/1/'s in a nativelike fashion.
The success of a training experiment, or the rapidity of learning in naturalistic acquisition, may depend to some extent on the acoustic nature of the L2 contrast being learned/ trained. Certain normatire contrasts, such as those between Zulu clicks, may require little or no training because they are salient for auditory reasons alone (Best et aL, 1988 ; see also Burnham, 1986; Polka, 1987 Some previous studies have used discrimination training. One drawback of this technique is that it may highlight differences at the boundaries between the phonetic categories being trained rather than helping to define category centers (Repp, 1984 ).
The present experiment used methods similar to those of Jamieson and Morosan ( 1986; see also Logan eta!.,1989), who employed identification with feedback to train French subjects on the word-initial English/0 / vs/•J/contrast. The 56 V + B-removed words (seven vowels X two final stops-X four repetitions) from experiment 1 were presented to Chinese subjects who had participated previously in that experiment. Seven subjects each were randomly assigned to experimental and control groups. All 14 participated in three blocks, in which they were told to identify the final stops as "t" or "d." Three randomizations of the 56 stimuli were presented without feedback to both groups in the first and third blocks (designated "pre-training" and "posttraining" blocks). Four randomizations of the stimuli were presented in the second block, in which feedback was presented to the experimental but not the control subjects. Table IV presents the rate at which the/t/and/d/ tokens were identified correctly. The mean identification rates in the pre-training block resembled those obtained in experiment 1, which shows that the Chinese subjects' difficulty with the V + B-removed stimuli persisted. The experimental subjects' overall identification rate was somewhat higher after than before training (74% vs 65% correct), whereas there was little difference for the control subjects (59% vs 60%). A larger overall effect of training might have been obtained had more subjects from southern China been included in the experimental group, for the subjects showing the largest effects were from southern China. Of the three Mandarin subjects, two showed small effects of training, and one showed no effect. The training effects might also have been larger had more training trials been presented. These possibilities were tested further in experiment 3.
B. Results and discussion

The 9% increase observed here for the experimental subjects is comparable to the 11% increase in correct identi
III. EXPERIMENT 3 A. Introduction
The training administered in experiment 2 might be regarded as effective, but just barely so. A second training experiment was therefore carried out in an attempt to find a better method for training the contrast between/t/and/d/ in the final position of English words. Identification with feedback was again used as the training modality, but a larger number of training trials were given for a fewer number of words. The experiment also explored issues pertaining to generalization of training, acoustic variability of training tokens, and L1 background.
Little empirical evidence exists concerning the generalization of new speech perception abilities for adult learners of an L2. Neither applied behavioHsts nor Piagetian structuralists have viewed generalization of training as an important research issue because they see it as an inherent part of the learning process. While it may be true that generalization is a "natural property" of human intelligence that can be "taken for granted" for certain aspects of language learning (Johnston, 1988 The multiple natural token approach to speech training assumes that exposure to the acoustic variation between tokens of a single category will induce subjects to derive a more general representation than they would derive had they been trained on just a single token. Another issue addressed was whether changes in vowel context would increase the effectiveness of training. Native English-speaking listeners use variations in vowel quality as a perceptual cue to the voicedvoiceless contrast (e.g., van Summers, 1987). Subjects who receive training on beat-bead and bet-bed in a single block might therefore show a larger effect of training and/or more generalization than subjects who receive training on the two minimal pairs separately.
In experiment 1, native speakers of Shanghainese tended to identify English stops better than native speakers of Mandarin. In experiment 2, there was some evidence that Shanghainese subjects benefited more from feedback training than native Mandarin subjects, perhaps because Mandarin has no obstruents in word-final position, whereas Shanghainese has words ending in a glottal stop. The presence of a word-final obstruent in their LI may cause native speakers of Shanghainese to attend to the end of syllables to a greater extent than Mandarin subjects. Children's prior knowledge may affect to some extent the effectiveness of language training (Johnston, 1988) . If the same holds true for speech, differences in how syllables are processed might therefore influence the results obtained from feedback training.
B. Methods
The stimuli used in this experiment were the "V + Bremoved" versions of minimal pairs used in experiments 1 and 2. The experiment was divided into three blocks. In each, the subject's task was to identify the final stop as "t" or "d." The subjects received feedback training on just two minimal pairs (beat-bead, bit-bM) in the second block, but were tested on all four minimal pairs (beat-bead, bit-bM, bet-bed, bought-baud) in the first and third blocks (designated the "before-" and "after-training" blocks). In the before-and after-training blocks, three separate randomizations of the 32 stimuli (eight wordsxfour tokens) were presented. In the second block, 15 randomizations of the 16 stimuli (four tokens each of beat, bead, bit, bM) were presented for identification with immediate feedback. Thus more feedback trials were provided for each word here than in experiment 2 (60 vs 16).
A total of 16 Chinese subjects participated, none of whom had taken part in experiment 1 or 2. Eight subjects each were randomly assigned to "blocked" and "unblocked" conditions. Those in the blocked group were trained on beat-bit and bit-bid separately in counterbalanced order, whereas those in the unblocked condition received training on both minimal pairs at the same time. Six subjects were native speakers of Mandarin, six were native speakers of Taiwanese, and four were native speakers of a southern Chinese dialect. As summarized in Table V, 
C. Results and discussion
Table VI presents the rate of correct identifications before and after training for stops in words that either were or were not trained. The results suggest that presenting more training trials on fewer words was not very useful. The rate at which stops were identified correctly increased from 64% to 75%, which is only a slightly greater increase than the one obtained in experiment 2. Moreover, the Chinese subjects continued to identify stops much more poorly than the native English subjects examined in experiment 1.
The effect of training that did occur, however, seemed to generalize. The identification rates were 11% higher after than before training for the words that were trained, and 10% higher for the words that were not trained. Subjects 
who were assigned to the blocked condition showed about the same effects of training, and about the same amount of generalization, as subjects who received training on both minimal pairs at the same time. The overall rate of correct identification for subjects in the blocked and unblocked conditions was 70%. Table VI The size of the training effect was influenced by LI background. The overall increase in correct identifications was 21% for the southern Chinese subjects, 11% for the Taiwanese subjects, and just 5% for the Mandarin subjects. The mean value for the southern Chinese subjects may have been an underestimation. One subject in that group showed no increase in sensitivity because he identified/t/and/d/ quite well even before any training was administered. The mean value for the Mandarin subjects may have been an ooerestimation, since the one Mandarin subject who showed an effect of training had been exposed to Cantonese (a language that permits unreleased/p,t,k/to occur in word-final position). Finally, the mean value reported for the Taiwanese subgroup is somewhat misleading because it represents an average for three subjects who showed training effects of 18%-30% and three subjects who showed little or no effect of training. The results of experiment I suggest that the English /t/-/d/contrast was not treated as a novel phonetic contrast by the Chinese subjects, and that phonemic perception in an L2 must be learned on an allophone-by-allophone basis. It appeared that the Chinese subjects were attempting to TABLE VI. Mean percent correct identifications of/t/and/d/by subjects who received training separately or together on multiple tokens of two English minimal pairs (blocked versus unblocked conditions). Performance was assessed before and after feedback training both for words that were trained (bitbid, bet-bed) or not (bet-bed, bought-baud) Logan et al., 1989) . Although the Chinese subjects' performance improved significantly, they continued to identify stops much less well than native speakers of English, who performed at near-perfect levels. Thus an important question to ask is: Why did the Chinese subjects benefit so little from the training?
There are two reasons to think that the small effect of training probably cannot be attributed to the nature of the phonetic contrast being trained. First, the English subjects identified stops in the V -t-B-removed stimuli quite accurately. Second, previous research suggests that nonnative phonetic contrasts which involve the voicing feature are relatively easy to train because they are relatively robust in psychoacoustic terms (Tees and Werker, 1984; Burnham, 1986; Best et al., 1988; Werker et al., 1981; Werker and Tees, 1983, 1984a,b; Werker and Logan, 1985) .
The difficulty of the word-final English/t/-/d/contrast may have derived instead from a syllable-processing strategy established during L1 acquisition. This inference was drawn from the observation that certain subgroups of Chinese subjects tended to perform better than others in experiment 1, and to benefit more from the feedback training in experiments 2 and 3. In experiment 3, three of four subjects from southern China whose L1 includes word-final obstruents (but not/d/) showed gains that were much greater than average ( 18 %-30% correct). These subjects may have learned to focus greater attention on the syllable termination properties of words in their L1 than the native Mandarin subjects (whose L 1 has no word-final obstruents) in order to distinguish between open syllables and syllables ending in a glottal stop. This hypothesis received support in a recent study by Flege and Wang (1989) . In that study, it was shown that subjects whose L1 (Cantonese) permits unreleased/p,t,k/in final position identified edited tokens of/t/ and/d/significantly better than subjects whose L 1 (Mandarin) permits no final obstruents. Locke (1983) speculated that syllable offset properties are important for children learning their L1. Adults may delete final/t/'s and/d/'s, or replace them with glottal stop (Bernstein Ratner and Lubereft, 1984), which might explain English-speaking children's propensity for omitting final stops or replacing them with glottal stops. The hypothesis offered here is that, if the LI does not distinguish words according to information specified in syllable offsets, then L2 learners will focus relatively little attention later in life to the offset properties of syllables (or words) in an L2. This assumes that syllable-processing strategies are indeed learned. Consistent with this assumption, Walley (1987) found that in contexts where meaning was not semantically constrained, 4 and 5 year olds did not detect more mispronunciations in initial than final position. They did so in constraining contexts, however, thereby resembling adults. Walley (1988) found that adults but not children gave lower ratings to word-initial than word-final consonants that had been degraded by noise.
In conclusion, Chinese subjects identified fully specified •The sum of squares of the between-subjects factors were adjusted in a hierarchical fashion because between-subjects factors tend to be correlated when sample sizes are unequal. •2Hyperaspiration was not noted in fo,d,g/. This suggests, in agreement with two recent speech production studies Flege, 1988c) , that the Chinese subjects produced voiceless but not voiced wordfinal stops in English with a laryngeal devoicing gesture.
•3These studies employed a wide variety of methods: discrimination training with immediate feedback (Strange and Dittmann, 1984) ; perceptual feedback concerning consonant identity together with feedback concerning the difference between correct and incorrect productions, and addi- 
